The unique eyes of the four-eyed fish Anableps anableps have long intrigued biologists. Key features associated with the bulging eye of Anableps include the expanded frontal bone and the duplicated pupils and cornea. Furthermore, the Anableps retina expresses different photoreceptor genes in dorsal and ventral regions, potentially associated with distinct aerial and aquatic stimuli. To gain insight into the developmental basis of the Anableps unique eye, we examined neurocranium and eye ontogeny, as well as photoreceptor gene expression during larval stages. First, we described six larval stages during which duplication of eye structures occurs. Our osteological analysis of neurocranium ontogeny revealed another distinctive Anablepid feature: an ossified interorbital septum partially separating the orbital cavities. Furthermore, we identified the onset of differences in cell proliferation and cell layer density between dorsal and ventral regions of the retina. Finally, we show that differential photoreceptor gene expression in the retina initiates during development, suggesting that it is inherited and not environmentally determined. In sum, our results shed light on the ontogenetic steps leading to the highly derived Anableps eye.
Introduction
A fundamental question in the field of evolutionary developmental biology is how novelties arise [1] . In vertebrates, anatomical structures such as limbs have evolved from a basic configuration into a great array of forms, adapted to functions as diverse as swimming, digging, running and flying [2] . Thus, the vertebrate limb has become a key model for the study of morphological innovations. Other anatomical structures, such as the vertebrate eye, have remained largely unchanged in its general configuration, except in instances where it has been reduced or lost [3] [4] [5] [6] [7] and in the remarkable tubular eyes of deep sea fish [8] . However, in at least four fish lineages, including the foureyed fish of the genus Anableps, the eyes have undergone partial duplication [9] .
The genus Anableps belongs to the order Cyprinodontiformes and is composed of three species of livebearers: A. anableps, A. dowi and A. microlepis. Despite ecological differences and distinct population structures [10] , all three species display unusually bulging eyes with transversally divided pupils, a characteristic long recognized as a conspicuous feature of this genus [11] [12] [13] [14] . Anableps swims in the waterline where its eyes are simultaneously receiving aerial and aquatic light stimuli [15] . The adult Anableps displays blue longitudinal stripes, pigmented pectoral and caudal fins, and its characteristic protruding eyes (figure 1a). Light from above or below the waterline enters the eye through the duplicated set of pupils and corneas, and traverses a single pyriform lens, to finally reach the retina (figure 1b,c) [11, 13, 16] . The large eyes of Anableps are accompanied by dorsally expanded frontal bones, a synapomorphy of the genus [17, 18] . The Anableps dorsal and ventral corneas have distinct features, including differences in epithelial thickness, axis curvature and water-soluble protein contents [16, 19] .
Despite occurring as a single and continuous tissue, evidence suggests that the Anableps retina is functionally subdivided. Analysis of the visual fields of A. microlepis revealed tectal projections pointing to an area specialized for acute aerial vision in the ventral retina [20] . Optomotor response (OPM) was observed in the aerial visual field but not in the aquatic visual field, suggesting that OPM operates with the visual input coming from the air. The lack of aquatic OPM response in the dorsal retina indicates a functional division in the visual system of Anableps [21] . A topographic analysis of the ganglion cell layer showed a distinct visual streak in each hemiretina and demonstrated that A. anableps has greater visual acuity in the ventral retina [22] . Furthermore, in the ventral region of the retina, the inner nuclear layer (INL) is thicker, potentially due to a greater number of bipolar cells [9] .
Visual opsin genes encoding light-sensitive proteins are subdivided in cone opsins and rod opsins. In Anableps, visual opsins sws2b, sws1 and rh2-2 are ubiquitously expressed in the retina. However, expression of opsin rh2-1, sensitive to medium wavelength, is restricted to the ventral region of the retina. Conversely, lws, which is sensitive to long wavelengths, is expressed only in the dorsal region of the retina [23] . Differences in light cues have been shown to alter opsin gene expression [24 -27] , yet whether the asymmetric opsin expression in the Anableps retina occurs in response to differences in light stimuli or is genetically inherited remains undetermined.
To better understand the developmental steps leading to the unique Anableps eye, we first determined the larval stages associated with the onset and establishment of cornea and pupil duplication. Next, osteological analysis of neurocranium development showed the dorsal expansion of the frontal bone and identified the ossification of the interorbital septum, which occur concomitantly with the duplication of eye structures. Furthermore, we found that differences in ventral and dorsal INL thickness during larval development happen in concert with differences in cell proliferation. Finally, our results show that asymmetric expression of photoreceptor genes rh2-1 and lws occurs prior to birth, when larvae are sheltered from light inside the adult female, indicating that photoreceptor expression associated with aerial or aquatic vision is established independently of environmental light cues and may be genetically determined. 
(b) Biometric measurements
Morphometric analysis of 60 larvae was performed using the following parameters: total body length, eye diameter, eye circumference and distance between eyes. Measurements were taken using a SMZ1500 stereoscope (Nikon). In addition, a total of 27 eye sections (from five specimens) were measured to access ONL, INL and IPL thickness in dorsal and ventral retina. Mean and standard deviation were calculated.
(c) Osteological and histological analysis
Specimens were cleared and double stained with Alcian Blue (cartilage) and Alizarin Red (bone) following previously established method [28] . Neurocranium was photographed using an Axiocam 105 colour camera attached to a stereomicroscope (Zeiss). Terminology of cartilage [29 -31] and osteological nomenclature follows previously published literature [18] . The osteological study was based on 23 specimens ranging from 4.5 mm NL to 44.9 mm SL, and one adult with 210 mm SL. Haematoxylin and eosin staining was performed according to standard protocol.
(d) Immunofluorescence
The antibodies used were: anti-rhodopsin (1 : 500, EMD Millipore, cat# MABN15 clone 4D2), phospho anti-histone H3 (S10) (1 : 100, Abcam catalogue no. ab5176) and anti-opsin L/M monoclonal (1 : 3000, produced for Wang et al. [32] ). Immunofluorescence reactions were performed with biotinylated secondary antibody (1 : 500, Vector Laboratories) followed by ABC complex (Vector Laboratories, PK6100) and Cy3-tyramide kit (Perkin Elmer, catalogue no. FP1046). Fluorescent nuclear counter staining was performed with DAPI (Lonza, catalogue no. PA3013). Images were captured with a TCS-SP5 (Leica) confocal microscope with an AOBS system.
(e) Real-time PCR qPCR was performed on biological and technical replicates using SYBR Green PCR Master Mix (Applied Biosystems). Specific oligos (electronic supplementary material, table S2) were designed and reactions were performed in the 7500 Real-Time PCR System (Applied Biosystems) with default parameters. Analysis of relative expression was obtained from CT normalized with CO1 levels in each sample (electronic supplementary material, table S3) and calculated using the 2 2DDCT method [33] . Data were analysed by Student's t-test ( p-value , 0.05) using GraphPad PRISM v. 5.0 for WINDOWS (GraphPad Software, San Diego California USA, www.graphpad.com).
(f ) RNA extraction, cDNA synthesis and cloning Total RNA extraction from eye tissue was performed using TRizol (Invitrogen), and purified using RNeasy Mini Kit (Qiagen), following manufacturer's instructions. For cDNA synthesis, SuperScript III First-Strand Synthesis SuperMix was used following manufacturer's protocol (Invitrogen). PCR products for six visual opsin genes (sws2a, sws2b, rh1, rh2-2, rh2-1 e lws) were cloned using pCRII-TOPO (Invitrogen). Miniprep was performed using Miniprep kit (Qiagen).
(g) Riboprobe synthesis
PCR amplification was performed using forward and reverse M13 primers (reverse: 5 0 -CAGGAAACAGCTATGAC-3'; forward: 5 0 -GTAAAACGACGGCCAG-3 0 ) using the cloning vector as template. Antisense or sense riboprobes were synthesized using T7 RNA or Sp6 RNA polymerases and DIG-labelling mix (Roche). Riboprobe reaction was performed according to manufacturer's protocol (mMESSAGE mMACHINE Transcription kits, Ambion).
(h) In situ hybridization
In situ hybridization was performed according to previously established protocol [34], using 1 ml of DIG-labelled riboprobe. Slides were imaged using an Eclipse Ci microscope (Nikon).
Results (a) Larval ontogenetic stages
Previously, a broad classification of A. anableps ontogeny has identified five stages ranging from early embryonic to late larval development [35] . Here, we set out to identify larval developmental stages in which duplication of eye structures occurs. We sampled pregnant Anableps females from the estuarine region in the northern state of Pará, Brazil. Embryos at early stages of development were not included in the analysis. Larvae obtained were classified into six developmental stages according to morphometric parameters of eye ontogeny and total body length (figure 2; electronic supplementary material, table S1).
At stages 1 and 2, eyes are pigmented and have a typical simple eye morphology observed in developing fish larvae. Melanophores are observed on top of the head, and pigmentation is mainly absent throughout the body (figure 2a -d). At stage 3, duplication of cornea and pupil begins, with the advent of a longitudinal constriction of the pupil. At this stage, pigmentation extends along the dorsal portion of the body and base of caudal fin (figure 2e,f ). At stage 4, cornea and pupil continue to divide, chromatophores become apparent along the dorsal portion of the eye and pigmentation along the body becomes more pronounced (figure 2g,h). At stage 5, duplication of pupil and cornea is almost complete (figure 2i,j ) and at stage 6, cornea and pupil are completely duplicated (figure 2k,l ). Further analysis of the neurocranium and retina development focused on the events starting at stage 3, at the onset of pupil and cornea duplication.
(b) Neurocranium ontogeny
A striking osteological attribute of the skull of Anableps is the expanded frontal bone [17, 18] . Here, we describe the dorsal expansion of the frontal bone and identify the conspicuous development of the cartilaginous interorbital septum as another distinctive Anableps feature. The frontal bone develops a bony dorsomedial cover to the orbit as the latter develops beyond the dorsal profile of the head ( figure 3) . The cartilaginous interorbital septum that divides most of the space between the orbital cavities undergoes substantial ossification during development and composes part of the bony wall separating contralateral orbital cavities in the rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170157 adult (figure 3). At stage 3, there are no signs of ossification of the frontal bone ( figure 3a,b) . The first ossifications in the neurocranium appear at stage 4, when frontals are first seen as a thin splint of bone along the medial margin of the taenia marginalis anterioris ( figure 3c,d) . The frontal continues to expand posteriorly beyond the epiphyseal bar and medially towards its contralateral part, and at stage 5 (figure 3e,f ) it abuts the parietal posteriorly, which has also developed anteriorly, as well as the contralateral frontal, closing the gap between them. At this stage, a membranous flap projects from the lateral margin of the skull and partially covers the eye cavity. This strong membranous flap above the eye is mostly filled by the lateral laminar dorsolateral expansion of the frontal at stage 6 ( figure 3g,h ). In adults, the frontal bone is even more expanded dorsally and substitutes most of the membranous flap ( figure 3i,j ) .
In addition to the dorsolateral expansion of the frontal bone covering the eye, a conspicuous cartilaginous interorbital septum divides most of the space between the contralateral orbital cavities, which may aid in delimiting the cavity space, since the orbitosphenoid is lacking in cyprinodontiformes and the eye grows to a larger size in Anableps. This cartilaginous interorbital septum first appears at stage 5, projecting dorsally from the ethmoid plate towards the taenia marginalis anterioris and laterally continuous to the lamina orbitonasalis (figure 3f ). At stage 6, the interorbital septum is well developed and obstructs the anterior half of the space between contralateral orbital cavities (figure 3h). At this stage, most of the space between both orbital cavities is filled by the cartilage, with only a gap through which the optic nerve passes (figure 3h). This cartilaginous septum completely ossifies as the skull develops and in the adult, the entire anterior third of the contralateral orbital cavities is separated by a strong ossified interorbital septum that strengthens the orbital region (figure 3j ).
(c) Differences in cell proliferation and cell layer density
In Anableps, dorsal and ventral regions of the retina differ with regard to the thickness of the INL [9] . Here, we examined rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170157 differences in retina cell layers at larval stage 6 and cell proliferation in the ciliary marginal zone (CMZ) during larval ontogeny. Larvae at stage 6 display an organized multilayered structure typical of the vertebrate retina (figure 4a). No significant differences in thickness were found between ventral and dorsal outer nuclear layers (ONL) or the inner plexiform layers (IPL) (figure 4b -e). However, the ventral INL was found to be twice as thick as the dorsal INL ( figure 4b,c,e) . Next, we sought to determine whether cell proliferation differences existed between dorsal and ventral regions of the CMZ. To achieve this, we quantified the area of phosphohistone H3 (PH3) positive cells in ventral and dorsal CMZs during larval development. We found that, at stages 2 and 3, the area of PH3-positive cells in the ventral CMZ is more than twice the size of that observed in the dorsal CMZ ( figure 4g; electronic supplementary material, figure S1 ). At stage 4, the area of PH3-positive cells in the CMZ is reduced, yet the difference between ventral and dorsal CMZ persists. At stage 5, as cell proliferation subsides, differences between dorsal and ventral CMZs are no longer observed. In sum, the difference in cell proliferation between ventral and dorsal regions of the Anableps retina correlates with a thicker INL observed in the ventral retina.
(d) Differential opsin expression
Opsin expression in the retina can change in response to different light stimuli [24] [25] [26] [27] . Previous studies showed that rh2-1 and lws expression in Anableps occur exclusively in the ventral or dorsal regions of the retina, respectively [23] . Nevertheless, whether differential opsin expression in the Anableps retina results from environmental cues or is genetically determined remains unclear. To address this, we examined opsin gene expression in developing larvae, which are sheltered from environmental light stimuli inside the females, until birth. First, we assayed opsin gene expression in ventral versus dorsal regions of the retina of adult Anableps by qPCR. Our results confirmed previous findings, and showed ventral overexpression of rh2-1 and dorsal overexpression of lws, whereas rh1, rh2-2 and sws2b were equally expressed in the dorsal and ventral regions of the adult retina (figure 5a).
Next, we performed in situ hybridizations in larval eye sections at stage 6. As seen in adults, expression of rh1, rh2-2 rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170157 and sws2b was detected throughout the photoreceptor layer of the retina (figure 5b,c,f-i), whereas rh2-1 (figure 5e) and lws (figure 5j) were only detected in the ventral and dorsal retina, respectively. No in situ hybridization signal was detected in our control sense probes (electronic supplementary material, figure  S2 ). To determine whether differential gene expression in the Anableps larval retina also resulted in localized protein expression, we assayed opsin expression with opsin antibodies. In agreement with our in situ hybridization results, we found that immunostaining with a rhodopsin antibody, which recognizes medium wavelength-sensitive protein Rh2, showed protein expression throughout the retina ( figure 5l,m) . This is expected, as a rhodopsin antibody should detect both rh2-1 and rh2-2 protein products. Furthermore, in agreement to our in situ hybridization results, opsin L/M monoclonal antibody detected Lws protein expression only in the dorsal retina ( figure 5n,o) . Altogether, these findings suggest that differential opsin expression in the Anableps retina is not a result of distinct aerial and aquatic light stimuli, but rather established prior to birth.
Discussion
Previous studies have focused on physiology of the adult Anableps eye, investigating how the eye processes visual inputs that reach the retina from below and above the water line. However, our understanding of the evolutionary origin of this anatomical novelty has been limited by the paucity of information regarding its ontogeny. To address this, we investigated larval developmental stages in which parts of the Anableps eye are duplicated.
Two key characteristics of the eye of Anableps are its transversally divided pupil and the dorsally expanded frontal bone, which accommodates its large, protruding eyes. Here we showed that the onset of the dorsolateral expansion of the frontal coincided with the start of the transverse division of the pupil (e.g. stage 3), suggesting that changes to neurocranium and eye morphology are developmentally linked. Furthermore, we identified the ossification of the interorbital septum, and suggest that it may help in delimiting the cavity space separating the large Anableps eyes.
In fish and amphibians, the retina grows continuously throughout life, and only the central part of the retina is formed during embryogenesis [36] . Most of the retina cells are derived from the CMZ, a group of specialized cells localized at the margin of the retina. The newly formed retinal neurons are added to the periphery of the retina by differentiation of retinal stem cells and retinal progenitor cells in the CMZ. In Anableps, we found that the difference in INL thickness between dorsal and ventral regions of the retina is rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170157 established in the larvae, where the ventral INL is twice as thick as the dorsal INL. Furthermore, our assessment of PH3-positive cells in the CMZ suggests that neurogenic and proliferative activity may be higher at the ventral portion of the retina during development. Since early developmental stages were not assayed in our study, it is possible that differences in cell proliferation observed at the ventral and dorsal CMZ regions during larval stages may only partially account for differences in cell thickness in the ventral and dorsal retina.
The gene repertoire and expression of opsins can vary according to the environment [37] , and opsin expression can change in individuals in response to alterations in photic environment [24, 26, 27] . For instance, in the African cichlid fish Metriaclima zebra, lws and rh2aa opsins are coexpressed in double cones of the ventral but not the dorsal retina [25] . However, exposing developing embryos to light stimulus from below resulted in coexpression of lws and rh2aa throughout the adult M. zebra retina [38] . Here, we discovered that asymmetric lws and rh2-1 opsin expression in the dorsal and ventral retinas, respectively, is observed prior to birth in Anableps larvae, before environmental light can reach the retina to elicit changes in gene expression. This suggests that the lws and rh2-1 expression asymmetry is established prior to birth, independent of photic input.
Conclusion
The results presented here reveal that the duplication of cornea and pupils in A. anableps starts at the larval stage 3. Cornea and pupil duplication is accompanied by the dorsal expansion of the frontal bone and the ossification of the interorbital septum. Furthermore, our results show that the greater thickness of the ventral relative to the dorsal INL is established during larval development, and correlates with an increased cell proliferation at the ventral versus dorsal CMZ. Finally, the differential expression of rh2-1 and lws in the ventral and dorsal retina, respectively, suggests a subspecialization of photoreceptor activity in the retina that is determined prior to birth, independent of light stimuli. Altogether, our results lay the foundation for future research aimed at understanding how a structure with a deeply conserved general organization, such as the vertebrate eye, underwent a remarkable modification in Anableps.
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